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ABSTRACT

The scattering intensity as a function of sphere size in
wavelengths was plotted for H-plane scattering at 90° in
the region of the first resonance. Graphs of ¥ (the dielec-
tric constant) from 5 to 24 and tan 5 (the loss tangent) from
0.001 to 0.2 are presented for nonmagnetic spheres in vacuo.
The purpose of these data is to serve as a comparison
standard in evaluating x and tan § by scattering measure-
ments on a spherical sample. The experimental method is
described in “A Method of Determining the Dielectric Con-
stant Applicable to High Temperatures,” published in the
“Proceedings of the OSU-RTD Electromagnetic Window
Symposium,” Vol. III, June 1964.
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SCATTERING BY DIELECTRIC SPHERES IN
THE REGION OF THE FIRST RESONANCE

INTRODUCTION

The general solution for a plane wave incident on a homogeneous isotropic sphere
was given by Mie (1). The intensity of the radiation scattered by such a sphere is a
function of its size, the index of refraction, the scattering angle, and the intensity, fre-
quency, and polarization of the incident wave. Throughout this discussion, a sphere of
unit permeability in vacuo is assumed.

This report is an intensive investigation covering a selected range of the above
variables. It is limited to H-plane scattering at 90° in the region of the first resonance.
The complex index of refraction is given in terms of the dielectric constant K and loss
tangent & for the following values: K = 5.0 (0.2) 12.8* and 13 (1) 24 and tan o = 0.001,
0.01, and 0.1; ¥ = 6.0 (0.2) 11.8 and 12 (1) 24 and tan 5 = 0.04 and 0.07; and k=5 (1) 16
and tan 5 = 0.2. The data are presented in graphic form for convenience in evaluating
experimental scattering measurements. This method of measuring X and tan 8 is dis-

cussed elsewhere (3).

RADAR CROSS SECTION OF DIELECTRIC SPHERES
For the incident electric vector perpendicular to the plane of scattering (H-plane) (4)

IO 2
[:;5—1‘; 18,©)] (1)

where 7, is the intensity of the incident wave, 7 is the intensity of the scattered wave,
% = 2z/x, r is the range, and 6 is the angle between the direction of propagation of the
incident and scattered wave. §, () is the complex scattering function

N7 241 | GPpleos® d ]
8,00 = Z o +1)[ vy + b, T P, (cos 0) (2)

n=1

in which P} is the associated Legendre polynomial and ¢ and o, the Mie coefficients,
are functions of %z and m, where a is the radius and = is the index of refraction, given by

m = YK (1l -%tan$d).

For H-plane scattering at 90° the radar cross section of a sphere is given by

5(3)

47

¢ =4dnr- — = —

I, &2

. 3)

* This notation indicates that values of X range from 5.0 to 12.8 with an interval of 0.2
between values (2).
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It is convenient to consider the ratio of o for a dielectric sphere (o) to o for a con-
ducting sphere (0,). For ¢, /s, in db

% m\ ]2
101og 3£ = 10 log 5,(3)]; -1ot0e

5 (3)e- @

EFFECT OF VARIOUS PARAMETERS ON SCATTERING INTENSITY

In Figs. 1 through 59, 10 log |5, (v/2)|? is plotted as a function of #z. The curves in
Figs. 1 through 58 are plotted using as parameters the values of ¥ and tan & that were
stated in the introduction. Figure 59 is the case for tan § = ». The lowest value of the
loss tangent presented is 10-* . Below this value the effect of loss on 5,(z/2) is insigni-
ficant. Over the range of ¥ and % under discussion, curves for tan s = 0 would almost
coincide with tan & = 10-* except for a very narrow region on the first resonance hump
where the scattering for lossless spheres may be as much as 1 db greater. The range of
ke was chosen to include the first resonant dip.

Reference to the data illustrates that over a certain range of the dielectric constant
and loss tangent a small change in these parameters results in a large change in 5, (7/2).
The larger this change, the more detailed information we can obtain from scattering mea-
surements. For K < 6 and tan & < 10-? the resonance dip is shallow. Increasing the loss
tangent has two effects: the resonance becomes deeper, and the rate of change in 3, (=/2)
as a function of tan & is greater. For x 2 8 the dip in the curve is sharpest between tan
§ = 10" and tan 8 = 10", For higher values than tan § = 10"! the resonance disappears.
If £ is increased in constant increments, the distance between curves progressively
becomes slightly less. If increments are chosen in percent of dielectric constant, this
decrease in distance is small. The limitations on polarization, scattering angle, and size
parameter are stated above. Investigation of scattering for other values of these param-
eters may extend the range of 1 and tan & for which useful information is obtainable.

COMPUTATION METHOD AND ACCURACY

The Mie coefficients may be expressed in terms of spherical Bessel functions. If
tan & # 0, the argument is complex. Since tables of Bessel functions for complex argu-
ment are not available, it was necessary to compute them. The Mie coefficients were
programmed on the NAREC (Naval Research Electronic Computer). The accuracy of a,
and b, was checked to four significant figures by comparing them with values reported
in the literature. It is believed they are accurate to several more places.

For the small values of % used, only the first few terms in the complex scattering
function are significant. Four terms were used for the values of §,(s/2) reported. The
distance between computed points varies widely along the curves. The smallest interval
for ke was 0.01. Data points were placed close enough together to show all significant
wiggles on the curves. Except for very sharp peaks and dips it is estimated that all errors
are less than 1/2 db. In general, the data are accurate to within 0.1 db.
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grammed the Mie coefficients on the NAREC.



REFERENCES
Mie, G., Ann. Physik 25:377 (1908)

. Van de Hulst, H.C., “Light Scattering by Small Particles,” Ch. 10, p. 165, New York:

Wiley, 1957

. Keller, W.C., “A Method of Determining the Dielectric Constant Applicable to High
Temperatures,” Proc. of OSU-RTD Electromagnetic Window Symposium, Vol. III,
Columbus, Ohio, June 1964

- Van de Hulst, H.C., “Light Scattering by Small Particles,” Ch. 4, p. 35 and Ch. 9,
pp. 123-126, New York:Wiley, 1957

BN R

LR 1



NAVAL RESEARCH LABORATORY

|
2| (@) 's] 6oy o1

-20

\ \\
\ M
Y\
\L
TN
\
AR
/ N
g //_v P~ \\ \\
SIS 3\ s\l [ 6 L
LA N T
A/ / ) T
/ I
/ / A —
[ N2 Pl
| / A |
) LA
/ / / L~
[1/1/1 1/
// Y,
[/
[
1/
[
|

-25

2.3

2.2

2.1

20

1.9

1.8

1.7

1.6

1.5

1.4

ka

Figure 1



URvifnvdiE 3

2l(2/1)'s| Bol 0l

Z 2andta
DY
02 gl 9'l gl 2l
09=M 02
\N.o
Gl-
p J
o
<
e A /o
D L1/ o1
. V4V
g dAV.dP N \
vV \ /
= ~ N
i - o N G-
o ~
s = 70,0 N
A \\ —O.o N N '/
z N\ NN
// N ////I
.////I
1000 =Q 5,7/ T




¢ 2an81 g

Dy
| vl

)T Ds

)l\\\\\
AN INKNL

AN

NN

NAVAL RESEARCH LABORATORY

AN

)4

/

/ ////
/

o
I

o]
|

Jl(@ru)'s| bor o1

LN

W[/
W/

\
\|

A\l




Uitwir

e

e

[V S

e
1

Te}
|
Sl(2/4)'s| Boi 0

 2andt g
Dy
6l g8l N 91 gl bl
}
[ _lo'g =y 1'0
[
R
/
/
2 / \
= /] \
2 1 |\
< V/ \
m k\\\‘\\\ll/ /7
< )y 74% N
2 TNC N
- o LN N1 AN
s Paded \ N \[20
z o | L1 \\ W
=] WENENNERS | L=
/ 00 — = |
WL —
Y \oo_] -
\| L1
A
100°0 =Q uo}




NAVAL RESEARCH LABORATORY

AN\
AN 5
NN
\\\\
AN
N
PRANESS
e e
P //’ J T B /é::___.__—
a\_L /1 LT 1TV
Nl (7
Pl \RVAVA4I 4
s WAl
WL ]/
\ /
U
T
A\
\
W
A\
\ |
\
\
\\
\
\

=15

1

i
2|(27)'s] Boj 01

L7

1.6

1.5

1.4

1.3

1.2
ka
Figure 5

1.0

0.9

-20
0.8



NAVAL RESEARCH LABORATORY

1.2

o |
S go
\ S
AN X
AW
N
b\ ‘
\\ \\\
\\\\
NN SN
NS
02\\ \ o //’ 4//’7/
= \ //// g
V1 / //ST
W/ Y S/
\ f / /
\ /
[
M\
\\
W
W
A\
W\
\
)\
\
N\
S 3 Q) © ) © ]

|
2| (271)'s| boi Ol

1.7

1.6

1.5

1.4

1.3

1.0

0.9

08

ka

Figure 6



10

NAVAL RESEARCH LABORATORY

1.7

1.6

1.5

1.4

10

1
2|(@/)'s| oy o

o
885 0
cooo x
N
\\\\ N
N\Y;
\\\\k
N\
A
_n
NN
\\ﬁ\
Y N
5 s L1 =711 Yol
8 g- S ////7/ S
P N A/
15 VA B8
WL\
\ A
\
N\
(o]
\\
W\
\ |
\
\
\
o e} o

-15

1.3

1.2

1.0

0.9

-20

0.8

ka

Figure 7



UitTvE RV i FEW

11

NAVAL RESEARCH LABORATORY

Ll

g 2an31q
oY
9l gl 'l £l 2 Il ol 80
02l =X 100 0z2-
o\
I
gl-
i
/
\vo.o
\\/ ol- _
‘\\\\// / S
/O 2
W/ 4B 5
W4 W 6 3
v /4 TR ]
s \NAVEEA
=% / // /,/_4./0//1*5.0 \\\
1o — NON — 1
1000 HHNDNS \N\ °
W\ [roo "=
, v 100 —=r
\ A100°0 =g uo G
ol




6 2an3t g

oy

NAVAL RESEARCH LABORATORY

12

¢l 2zl 80
100 02"
10
\\, L %00 .
VIR
A ~ ol- —
RN °
AR\ 8
Y/ =mlZ\\ »
pZ4 W -
74 AN ) =
Pz \] o
1 TN
| — \\\ # / N 0
= ISR
,,,r_o.o_\ |
| | fiooo =g un o
Vi
ol



NAVAL RESEARCH LABORATORY

o
<
-
oT=9q
O|00
\
WA\
\ T\
\\
A N
N
\\\\ __g
\\‘\\\\ 3 °\\
\\\\ ™~
,‘Q\sﬁggg
| =T e
S \o & L1 A
o [ A TA
e\ ( [ °
A
N\ N
NS
N\ =
\
N\
N
N
N\
o © © ) © S

!
2l(2rw)'s| Boi o

1.7

1.6

1.5

1.4

1.3

1.2

1.0

0.9

08

ka

13

Figure 10

L oUTIALUN

#3L



11 @and1g

oY
¢l 2l Il

£0°0.]

V=

NAVAL RESEARCH LABORATORY

\ N

\
/
-
"4

\ A\

\\s

1

-
f //ﬂ'

)
1

0
I

S
,|(2/m)'s| Boi ol

NI

a—T
s
(@]
©
o
"
(28]

uonj}

14




RS RSy PR R
EFITW Li2 W v 2 I oz

15

e
1

l'e}
|

2| (2/)'s| 6ol O

21 2and1g
Dy
gl 'l gl 2’ 'l o'l 60
091 =M v0°0
\
” 'Y
ot 100
< N
o /
2 /]
z \ \
g WA
m 1'0 \\ \\IFF#¢
= . \\ , N.O \_ A"U
: REP=se INNSEY TP
z A \ J W\\\
1000 \ /L.R J d
»OON |~
| 1oo] T/
“\
100°0 = Q Ud}
V




NAVAL RESEARCH LABORATORY

16

$1 2an31g €1 2andrg

DY D}
2l Il o'l 60 80 2 Il o'l
LR o8- [T
501X, = Q U} 1-0l =8 ubi
— 02(1)L1=) 02(1)L1=M
g2-
02- ~

= D)
<
=)
—

e
1

['e)
|

2l(271)'s| 6ol ol

\, \ Ia - \ / /
JAVa) yaVAVA '\
) s AN
Imwivin z AT NN P
\\ il \,,N / ,, 3 % / m_/ 4
A AV a NARNEZZ
)% 11 OSES
\ \ 02
yyaEanutil .
\H /w_/ / /
y7
LNNNNEPZ 4
NN ~ o




17

NAVAL RESEARCH LABORATORY

91 oanfrg
¢l 2l Il ol 60
2.0l = Q UD}
~02(1) 21 =)
Al
VAl
ARV
AUV
AWA'S
avavivimin|
y.ye annl
XX/ VL 1od
VYV L
PRI
L el [ 1T
- JANRIRIR )
RLEPZ
XA

Oc-

Sl-

e
]

0
|

(o]

Sl(2r)'s| ot ol

G1 @Indrg
oY
2l 1"l o'l 60 80
01Xt =g uoi |
[ ON:vN_nv;
‘ ‘ 0¢-
R
Al
\ ‘ ‘ Sl—-
\ /1Y
/ -
AW/ VAN o
[ AR -
/ A\ l
yyadiili -5
\\\\ \ 02 W
gd L\ 6\ B
/mV A \\\\
2 /MK 72 o
S
ol



NAVAL RESEARCH LABORATORY

18

81 @andrg
Dy
X 0l 60 g0
T
1-0l = Q up}
v2(1)12 = 3 0z-
gl-
A AN ol
7777 2
Vividamuani 7
AN \ Ao I
I \\\ // \\\ =
| £¢ 4 \ A\
2 (N
N
0
S
ol

2’

LT 2an3rg

oY
"l o'l 60 80
R
nlO_um uny
02(1NLl =M
‘D\J
LAY, <
/1Y
A
AU
/ 1/
ya
/ /
Y
i 65 \\H\
o u-d 2/
7/
774
\\\ \\
~ PR
|/
[

02-

Gl

o
1

D
[

[(2/1)'s| Boj 01
2

ol



19

NAVAL RESEARCH LABORATORY

.(:
!
L
L)

[
5
|

02 eandrg
oy
I'l ol 60 80 L0
N I I og-
201X = Q ub}
L p2(1)i2 =X
g2~
] ONI
i

~N
O N A B e
N

\ \ \ Ool-
| [lve
A
\\\\ \ /MN M
o T -
« \[ [ 1A

2l(2/1)'s| boj ol

61 @Indrg
DYy
11 o'l 60 80 20
T T 11 0g-
— 5.01X. = Q up}
— pe()ig=M
Ge -
0¢-~
AR
/1 / \ Z
A ATAN
A A /A
RN/AS/ZRRNN!
_ ) i\
Hm v\ // / .
b2 //,//
WA
—| 0]




NAVAL RESEARCH LABORATORY

20

ZZ 2an31q
Dy
11 o'l 60 80
T
¢-0l = Q uo}
p2(1)12 = A 02-
A gl-
/Il
i
L] o
17 _
\\ / °
/ \\ il
\\“\\\ \\mn.m
12 W\\\\\ \\\ o
| 251 Wi =
ve \\\\
;\“\\\\ 0
N/
AN \\
NASLA
* |
S
o]

1z 9and1g

Y

| ol 60 80 20
T T 1
T NIO_ uw ub}
| L p2 () ig=M oz-
nn
\ \‘ Gl-
\\ 5
/ _
1AV o
/7 1] 5
N/ s
\\\w\ m-um,
12 A/ \ _uan
| &P N .
ve ’ \\ \‘\
N7/ o
NS\ WA/
NAXXKY
S
ol




10 log |S,(7/2)|?

10 log |8, (m/2)[?

10 log|S,(7/2)[?

|
[S4]

NAVAL RESEARCH LABORATORY

21

——
AN
NN
NN\ P
ANANAN P
N NN -
\ N | ~1~1~
5.2 /A//////
NN | A A
en N A ]
58 Qy/ K =5.2(0.2) 5.8
. tan 8=107"
N L1 |
1.5 1.6 1.7 1.8 1.9 2.0 2.1
ka
Figure 23
R
NN
NN NS.2
N ; ——
AP N - ,;/2
NN P e
N ‘\ ~N A _—
eSS
K=5.2(0.2) 5.8—
tan 3=10"2
| |1 |
1.6 1.7 1.8 1.9 20 2.1 2.2
ka
Figure 24
=]
N N
NN
\\ \\ \\
N \‘ \L{2 ﬁf:
N8 e
K=5.2(0.2)5.8
tan & =1073
I I |
1.6 1.7 1.8 1.9 2.0 2.1 2.2
ka

Figure 25

suIAuA

P
LALES
e
by
AN
oy



22

NAVAL RESEARCH LABORATORY

. S
AN
DNNY B=
AVNRNS BE==
-5 \\/\ /,?;‘;//
N VOXI\ A
i 6.2/ "M\ \
E I /1 . Z]
£ NN v
:-|0 6}6 / \ \ \ / //
: s I\ A/
o
° K7 27
YK
-15 \ M
\\/4
K=6.2(0.2)6.8T
tan 8= 107"
-20 |
1.4 1.5 N} 1.7 1.8 1.9 20
ka
Figure 26
5
0 \:Q\\
NON
N //§
% 6.2 >\\ D e s
~ N N
- 6.6 \ Pz
2 6.8 NN~
=} \ \\\ L
%
-10
K=6.2(0.2) 6.8 —
tan 8 =7x10"2 _]
- [
'S 1.4 1.5 1.6 1.7 1.8 1.9 2.0
ka

Figure 27



UVitv e d 23 i i

23

6.2(0.2)6.8 T

K

4x1072
P 1
20

tan 3

NAVAL RESEARCH LABORATORY

NN

N
NS

6.2

/A
6.4y A

2.1

1.9

1.8

.7

1.6

1.5

n o

2271y 's| Boi 0

ka

Figure 28

_
N\NEL
NN\
W 847

P

zl@/m)'s| 6ol 01

Wb
94
P \ \\\\
\A \\\\\ \\\
g5y
P N
ZER Y
|
|
\
|
o [7e)

2.0

1.9

1.8

1.7

1.6

1.5

1.4

ka

Figure 29

2.0

1.9

1.8

1.7

1.6

1.5

21272y 's| Boi o1

1_8
ANNEER
A\ S|
W 6%
///K....
V
7
NN/
\\\\ \\
Sl
Ko
(\ SO0 Q
\W
\i
11
|

ka

Figure 30



NAVAL RESEARCH LABORATORY

24

|
zl@r1)'s| Boy o

|
@©
~
N SHb_
// oy,
/ N~ oo —]
n c
NN il
N\
N\E
N -
NI
// ////
NI
I g B =
L1 \\\ \\\\ Lt
. L .
A A
VAN
ZdERAYY"
4 NNNN
A
n (o] [Te] (o]
t - I_l J._

1.9

1.8

1.7

16

1.5

1.4

1.3

ka

Figure 31

T2
2% ]
To _|
N\ S _
/// Z«M ©
NN NS
///f( ¥ &
NN
M/ // N
NS
LN\
N
= \A/ m
vw\\ X \q\\\
T DAY
/T PN 0
6\ 7 NN~ =
Y
s
it

0 o
! T

zl(27u)'s| Boy 0

-5

ka

Figure 32



25

NAVAL RESEARCH LABORATORY

FeEE FEV

2l@rwy's| oy o

L]
N\
WCEl T
///41/ ﬁmll

NN\
AN\
W N
N -
A
\H\\> ©
MNNAAN
Pt
Vi \
\\\\\\ 2/4/68'5
&\\ NN N =
[
i/
‘ (@] [Te)

-10

ka

Figure 33

Z
4

o
W\ | so|
NN
NN

e
/4

N\
N
|
A1
AN
\\\ /2/4 6/8
7 NS
\
\
|
0 ) o)

zl2/)'s| ol ol

1.9

1.8

1.7

1.6

1.5

1.4

1.3

ka

Figure 34

I\

7.2(0.2)7.8
=10-3

L
-

L
¥

K
tan &

NN >

NN N

A NNN

A
o]

N

\

\ |

\
727 LA

7.4
7.6
7.8

,//9

[le] o 0

Sl@/m)'s| Boi ol

1.9

1.8

1.7

1.6

1.5

1.4

.3

ka

Figure 35



NAVAL RESEARCH LABORATORY

L€ 2an3tg 9¢ 2an31g

T 1 T 17
— 2_0lX2 =g un} -0l = @ uD}
—-8'8(20)28=MX 0c- L— 8°8(20)2°'8= )
i
oI \ |
\ miniian
ZanN i
7 N0
A7 T . YT
7 AR NP s
A VA v ] [N b
z NSt ) WIARAYIs %
e T
\ 17 il
LN oA
N o y /) @B\
AN Y4 LY
S y 74 R
221 W
: LN
NG
NS

26




Uitvikitd v ik L&

NAVAL RESEARCH LABORATORY

0% 2andtg
oy
L1 9l Sl bl gl
[T 1T
¢-0l=Q up}
| §'8(20)2'8 = 02-
si-
ol-
°
SIS ..W
\N\M// // e
oy AN £
o7 VA | Lss
=d \\ o
| AN e o
\
\
LD
\NzZ= .
X
ol

n
|

o

6¢ 2andty
DY
L 9l gl vl ¢l
[ 11
2-01 = Q ub} ]
N 8'8(2°0)2'8=
\\H\\\ \ / \
\\\\ NAW o
2% / ,,/ 9'8
@ \NE v
\ e
\
4/1;\ ]
g¢ 9an3rg
DY
'y 9l gl vl €l
o o1xp-g uoi
\\\\\& A §8(2'0) 28 = % —
iz NN\
V47 aRENVNNEgS
\\\\\\ /// A\ ut o8
v'8
e
28
AR
AN
// W/
AN

e}
[

(@]

2l(2/21)'s| boj o

|(2/4)'s| Boy O
2



NAVAL RESEARCH LABORATORY

28

2% 2an3tg
DY
9’| Gl vl el
I
— 2_01%X2=Q up
— 8°6(2°0)2° 6=
A
{
AN
/YL
/ \
/A7 WA
A4/
/ A/ 1 MM Les
SN \W\YPoe
\c\\ VW1 ze
77 Y
)iz d A\
ZZ AN
AR
NN

02-

Si-

e
1

[e]
|

Jl@/yts| boj ol

Ol

1% 2an3ng

TIT] o
-0l =Q uby
L 18'6(20)2°6 = X
’ 02
[N
TN =
AR - - 8
JU N ’m. o6 @
[ L\ L ve )
AZimN v =
/1T VDA ol-
A/ I
e\\\ AW\
A 1A
4 A\ .
27 \
b 2 N\
2 N
//W 0




AP ASSIEIED
VitTvehvJEE ERE

> $% oandrg
N G 2In3Tq oy
oY 2 9l gl 'l g
L1 ol gl bl gl _ o__.m_ S_,l
_m-ﬁ_u_ u_w S_~ Ve A w.mm.ovm.m = ]
L 8'6(2°0)2'6=) \\\\ ,/, \
\\\ \\
ol- \\\ / / /
\\WN\ // // 56
N P2 o
m P7: N\ =2 N
o 2 \\\\ . b
z p 7 ZmENA W\
w \\\\ / / //r/¢/ e s
5] =7 o6 1 03
< 961 |\ o ¢ oandry
@ re |\ Rl o
2 i A\ = 9l gl vl ¢l A
5 > dlh BREN
: C By e e
\‘\\N//’/
/SN WL
o T I L rse
V7274 WA e
g/ A\ 4
1. \ Y
sl \
N\
ANN

0n
'

2l(2/1's| oy 0l

o

=)
[

['e]
I

S|2/wy's| Bo ol



LY 2andrg 9% 2andrg

0
]

NAVAL RESEARCH LABORATORY

2lz/)'s| Boy o

Q
I

30

gl 'l ! €l el 9’| Sl vl > el
[ T T T | [T
[ o 5izorz oo 0z- [ sosoza.
N
VY1 "
(AN i
[N oI [\l
[T [ ATV
e |
A4 T [M
7/ ol I
44/ 1\ o) s LA
Y A 5ol g [
174 \\\ kLo % I
74 \ e peo - 3 J/rmn
w74 /yk, e 7ARN\
Z A\ Vp/@RN R
AN\ M/ \W[_L-Teo
N o /N / \W\ 1 vo
A w744 )\ e
A
. ©Z4 NN
"\
NN
N~




31

NAVAL RESEARCH LABORATORY

0g °andtg
oy
9 gl il £l
R
¢-0l=Q up}
L 8°01(2'0)2°01 = % oz-
Gl-
ol-
%/7/AMN :
\\\\\&\ /l mil\u_l
W74 \ M s
)y 7 4 T s
Pzt 4
= | A |
80l o)
9017 \
ror] A | |
2ol n
W\ Z-h
\ /
ol

6% 2an31g

oY
91 Sl 'l ¢l 2
T,
L0178 U0 LN
| 8'01(2'0)2°01 =) 7
A\
gt \ . i}
74 W T sal | |°
P72 WYL ro
\\&\ '/ \\N Ol
\
T °
A\
,,/,MJ\\
S
8y 2andrg
DY
9 gl 1 ¢l A
TIIT
2-01XH=Q uo
| 8°01(20)2'01 =% 700\ -
v/&\W\ °
YA\ EEN
\\\ / j\\w.o_
0l
7 \ (\ﬁ\m.o_ -
)74 \
Z A\
WK ;
MY

2l274)'s| boi ol

Ll @/1)'s| boi ol



26 2andrg 1g @an3rg

DY DY
2l Il 9l gl bl €'l 2’|

T 7] _____

2-01X2=Q up}™] B 1-01 = Q uD}

-

g11(2'0)2'11 = ¥ —{g2- L g 11(20)2° 11 = X \>

P
]
foseeerm]

o —
—

o2~ \

\\
I

P——
[———
P—) [ ——t——

—
P—

0
I
—
\
—
I
L]

[~

Q
I
I
| et

o]
|

Sl(@/m)'s| 6o 01

NAVAL RESEARCH LABORATORY

/ _
7Ia\ - Y, 7/ M
/L Y = 4, \\\
mamNt o3 vk w%
” _9°|| n A A
v - ZA SR
[\ %u 21 = T Z AN
q/// . Al A////,
A\
\\\
N
NS
g

32




10 log |S,(m/2)|?

NAVAL RESEARCH LABORATORY 33 <

5 5 ‘
AN e
. DN . NPT
\}\\ \\ {; 1.8
p~
I\ g it 7
s e A E Ll w74
1A L A\ /
1.8 4 g W
' L\ %/ - WW [ A4/
WWI 174~ N\ N\
-0 ] \ Y /7/ -10 Q$
W%
ez K - yeeaiie
T — Hz : E .4 92 3 | LL4| | 15
a ka
Figure 53 Figure 54
10
° ZA
L
. |
;E,’— ° .27 =
T na AN PP 7
S - dll /,///
2 B (.8 N %7
I N
NN/
-10 N K =11.2(0.2)11.8
tan 8=10"3
L1 ]
i 12 13 - 4 .5 L6

Figure 55



34

10 log |S;(m/2)

NAVAL RESEARCH LABORATORY

\

AN

12.2-7]

N

12.4”]

12.6

12.8

—t T
" W
praem]

T —
—
\

T
=

l

K=12.2(0.2)12.8
tan 8=10"!

| |

o

0 log |S, (7 /2) |2

!
(8]

0.8

Figure 56

12.27]

A\

12.47

N

12.6

12.87

" S ey o
| 1

el
—

—
b1

XA
N

(]

K=12.2(0.2)12.
tan 8=10"2

Figure 57



35

NAVAL RESEARCH LABORATORY

|'M
wl
v
4
At
Yy
L
r\
4

66 2an3rg
DY
2l o'l 80 90 0
T
 =Q upy
ge-
o2-
\
Gl-
\ o
S
4 —_
/ 01-0
)
4
\\
a §-
\\
\\
\\\
- = 0
\\
S

Oc-

Sl-

ol-

o]
|

§G 2aIn3Tg
DY
gl il ¢l A
bl
¢-0l =Q up}
_g°21(20)22l=X
ZX\N\\
/AN
)7,/ 4R\
/Y Wl
Y ZamEn
77 L
_ 1l
== 8217 il
e all
et
|\
4

ol

5l(2741)'s] boi o1






Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classification of title, body of abstract and indexing annotation must be entered when the overall report is classified)

1. ORIGINATING ACTIVITY (Corpomle author) 2a. REPORT SECURITY C LASSIFICATION
U.S. Naval Research Laboratory UNCLASSIFIED
Washington, D.C 20390 2b. GROUP ‘

3. REPORT TITLE

VALUES FOR SCATTERING BY DIELECTRIC SPHERES IN THE REGION
OF THE FIRST RESONANCE

4. DESCRIPTIVE NOTES (Type of report and inclusive dates)
A final report on one phase of the problem.

5. AUTHOR(S) (Last name, first name, initial)

Keller, W.C.

d.

6. REPORT DATE 74. TOTAL NO. OF PAGES 7b. NO. OF REFS
December 30, 1965
8a. CONTRACT OR GRANT WNO. 9a. ORIGINATOR'S REPORT NUMBER(S)
NRL Problem P02-04 ‘
b. PROJECT NO. NRL Report 6365
SF 010-02-01-9296
c. SF 010_02_01_9300 9b. g;rerEegol:SPORT NO(S) (Any other numbers that may be assigned

10. AVAILABILITY/LIMITATION NOTICES

Distribution of this report is unlimited. Available from CFSTI - $2.00.

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Dept. of the Navy (Bureau of Ships)

13. ABSTRACT

The scattering intensity as a function of sphere size in wavelengths was
plotted for H-plane scattering at 90° in the region of the first resonance.
Graphs of k (the dielectric constant) from 5 to 24 and tan & (the loss tangent)
from 0.001 to 0.2 are presented for nonmagnetic spheres in vacuo. The pur-
pose of these data is to serve as a comparison standard in evaluating k¥ and
tan & by scattering measurements on a spherical sample. The experimental
method is described in “A Method of Determining the Dielectric Constant
Applicable to High Temperatures,” published in the “Proceedings of the
OSU-RTD Electromagnetic Window Symposium,” Vol. III, June 1964.

DD .22%. 1473 37

Security Classification

eI IILLUTIANN



Security Classification

14.
KEY WORDS

LINK A LINK B LINK C

ROLE wT ROLE wT ROLE WwT

High-temperature dielectric constant
Dielectric properties

Determination

Measurement

Spheres

Electromagnetic waves

Polarization

Scattering

Intensity

High-temperature research

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and address
of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate author) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION; Enter the over-
all security classification of the report. Indicate whether
‘‘Restricted Data’’ is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-
rective 5200.10 and Armed Forces Industrial Manual. Enter
the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author-
ized.

3. REPORT TITLE: Enter the complete report title in all
capital letters. Titles in all cases should be unclassified.
If a meaningful title cannot be selected without classifica-
tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If appropriate, enter the type of
report, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Enter last name, first name, middle initial.
If military, show rank and branch of service. The name of
the principal apthor is an ahsolute minimum requirement.

6. REPORT DATE: Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication.

7a. TOTAL NUMBER OF PAGES: The total page count
should follow normal pagination procedures, i.e., enter the
number of pages containing information,

7b. NUMBER OF REFERENCES: Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If appropriate, enter
the applicable number of the contract or grant under which
the report was written.

8b, 8¢, & 8d. PROJECT NUMBER: Enter the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc.

9a. ORIGINATOR’S REPORT NUMBER(S): Enter the offi-
cial report number by which the document will be identified
and controlled by the originating activity, This number must
be unique to this report.

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), also enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Enter any lim-

itations on further dissemination of the report, other than those

imposed by security classification, using standard statements
such as:

(1) ‘“‘Qualified requesters may obtain copies of this
report from DDC,’’

(2) **Foreign announcement and dissemination of this
report by DDC is not authorized.”’

(3) ‘‘U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

(4) *‘U. S. military agencies may obtain copies of this
134
report directly from DDC, Other qualified users
shall request through

13
.

(5) ‘“All distribution of this report is controlled. Qual-
ified DDC users shall request through

»
B

If the report has been furnished to the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and development. Include address.

13. ABSTRACT: Enter an abstract giving a brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-
port. If additional space is required, a continuation sheet shall
be attached. -

It is highly desirable that the abstract of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (S), (C), or (U).

There is no limitation on the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically meaningful terms
or short phrases that characterize a report and may be used as
index entries for cataloging the report. Key words must be
selected so that no security classification is required. Identi-
fiers, such as equipment model designation, trade name, military
project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of links, rales, and weights is optional.

38

Security Classification



